The incidence of inflammatory bowel disease (IBD), characterized by chronic, relapsing intestinal inflammation, has continually increased in recent years. A previous study by our group identified five potential metabolic markers possibly associated with the pathology of 2,4,6-trinitrobenzenesulfonic acid (TNBS)-induced IBD in rats. The present study aimed to examine the potential therapeutic effects of the essential oil of Pogostemon cablin (also known as patchouli; PO) on TNBS-induced rats and investigate the concomitant metabolic changes by targeting the previously identified potential markers. Pogostemon cablin is widely used to treat gastrointestinal diseases, including IBD, in China. The results of the present study showed that PO (270 mg/kg, rectal instillation) significantly alleviated colonic damage and reduced disease activity indicators and colonic myeloperoxidase in TNBS-induced rats. In addition, a targeted metabolic profiling study identified that four metabolites were elevated in the urine of the animals in the TNBS group, which were significantly inhibited by treatment with PO: Two tryptophan metabolites [4-(2-aminophenyl)-2,4-dioxobutanoic acid and 4,6-cihydroxyquinoline] and two gut microbial metabolites (phenylacetylglycine and p-cresol glucuronide). Taken together, these findings suggested that PO ameliorated the symptoms of TNBS-induced IBD and reversed the metabolic changes potentially associated with TNBS-induced IBD in rats.
Introduction
In recent years, there has been an increasing incidence of inflammatory bowel diseases (IBD), broadly classified as ulcerative colitis (UC) or Crohn's disease (CD) (1) . Affected patients frequently experience diarrhea, abdominal pain and rectal bleeding, due to aberrant intestinal inflammation. These chronic and relapsing bowel-inflammatory symptoms greatly decrease patient quality of life (2) . However, IBD remains largely incurable, since the individual's genetic susceptibility, external environment, intestinal microbial flora and immune responses are all involved and are functionally integrated in the etiology of IBD (3) . Pharmaceutical treatments for IBD are classified into five major categories, namely anti-inflammatory drugs, immunosuppressants, biological agents, antibiotics and drugs for symptomatic relief (4) . Unfortunately, the effects of these treatments are far from satisfying.
Pogostemonis Herba, the dr ied aer ial pa r t of Pogostemon cablin (Blanco) Benth. (Labiatae), commonly known as Cablin Patchouli, has been traditionally used as a principal component of a variety of renowned Chinese medicinal formulae, such as Baoji Pill and Huoxiangzhengqi capsule, to treat gastrointestinal diseases involving diarrhea, abdominal pain, vomiting and IBD. Patchouli oil (PO) is the essential oil produced by hydro-distilling the dry leaves of Pogostemon cablin. Studies have proven that PO has multiple activities, including anti-inflammatory (5) , immunomodulatory (6) and antimicrobial actions (7) . Thus, in the present study, it was speculated that PO may alleviate IBD by attenuating inflammation and inhibiting intestinal microorganisms.
Cur rently used animal models of IBD include transgenic, congenic, chemically induced and adoptive cell-transfer models (8) , in which rodent colitis induced by Patchouli oil ameliorates acute colitis: A targeted metabolite analysis of 2,4,6-trinitrobenzenesulfonic acid-induced rats 2,4,6- trinitrobenzenesulfonic acid (TNBS) by stimulation of transmural oxidative stress and inflammatory factors is one of the most widely used models that closely resembles the pathogenesis of CD (9) . In a previous metabolic profiling study by our group, five urinary metabolites potentially associated with the pathology of TNBS-induced colitis were identified using ultra-fast liquid chromatography-ion trap quadrupole time of flight mass spectrometry (UFLC-IT-QTOF-MS) (10) .
The purpose of the present study was to investigate the potential therapeutic effect of PO on TNBS-induced rat colitis. The effect of PO was examined by evaluating the disease activity index (DAI), macroscopic and microscopic colonic damage scores and the myeloperoxidase (MPO) activity in the colon. Furthermore, a targeted metabolite analysis using the UFLC-IT-qTOF-MS approach was performed to characterize the metabolic changes in rat urine that accompanied the amelioration of the disease. The present study not only confirmed previously identified potential metabolic markers, but also suggested that the therapeutic effect of PO is closely associated with the adjustment of tryptophan metabolism and modulation of intestinal microorganisms.
Materials and methods

Animals.
A total of 50 male Sprague-Dawley rats (age, 6-7 weeks; weight, 220±20 g) were purchased from the animal center of Guangzhou University of Chinese Medicine (Guangzhou, China) and experimental protocols were approved by the Committee for Animal Care and Use at Guangzhou University of Chinese Medicine [project identification code, SYXK (yue) 2013-0085]. All animals received humane care in accordance with the Guide for the Care and Use of Laboratory Animals, published by the US National Institutes of Health (Bethesda, MD, USA). Animals were housed at a temperature of 23±2˚C and humidity of 55±10% in a specific pathogen-free environment with a 12-h light/dark cycle and given free access to a standard laboratory diet and water. Prior to the start of the experiment, mice were acclimatized for at least one week.
Chemical reagents and materials. PO was purchased from Nanhai Zhongnan Co., Ltd. (Foshan, China; Lot 140801) and its quality was confirmed by gas chromatography-flame ionization detection in a previous study by our group (11) . Chloral hydrate, TNBS, formic acid and D,L-4-chlorophenylalanine were purchased from Sigma-Aldrich (Merck Millipore, Darmstadt, Germany). N-phenylacetylglycine was purchased from Toronto Research Chemicals Inc. (Toronto, ON, Canada). All other chemicals were of analytical grade.
Drug administration and dose selection. Following 1 week acclimatization, rats were randomly divided into five groups (n=10 per group). Animals in the control and TNBS groups received intra-rectal instillation of vehicle [0.5% (w/v) aqueous sodium carboxy methylcellulose (CMC-Na)] once daily for 7 days, and animals in the PO group received parallel intra-rectal instillation of PO (at the dose of 65, 135 and 270 mg/kg dissolved in 3 ml vehicle). The results showed that the effect of PO at 65 and 135 mg/kg did not achieve statistical significance (Fig. 1A) . Therefore, the dose of 270 mg/kg was selected for the subsequent histological and metabolomics evaluations.
TNBS-induced colitis and sample collection. All rats were anesthetized with chloral hydrate (140 mg/kg, by intraperitoneal injection) purchased from Damao Chemical Reagent Factory (Tianjin, China). In the TNBS and PO groups, colitis was induced by intra-rectal administration of TNBS dissolved in 50% ethanol at 25 mg/3 ml/kg body weight, at 8 cm from the anal verge after anesthetization (12) . Control rats received an intra-rectal injection of saline but not TNBS. The animals then received vehicle with or without PO for 7 subsequent days. On the 5th day after colitis induction, rats were placed into metabolic cages for acclimatization and two days later, urine samples were collected from each animal. All collected urine samples were immediately stored at -80˚C for UFLC-IT-QTOF-MS [Infusion Pump (LC-20ADXR * 2), Degasser (DGU-20A 3 ), Autosampler (SIL-20AC), Column Heaters (CTO-20AC), Ion trap-time-of-flight mass spectrometer (LCMS-IT-TOF), Profiling workstation (LCMS-solution Ver. 3.6)] analysis (Shimadzu Corporation, Kyoto, Japan). Animals were sacrificed with chloral hydrate (0.1 g/ml, by intraperitoneal injection, Damao Chemical Reagent Factory). After macroscopic scoring, the colonic segments were immediately removed following longitudinal opening and then rinsed with ice-cold physiological saline, blotted on filter paper and excised in two sections. One section was fixed in 10% buffered formalin at 4˚C for 24 h, embedded in paraffin, sectioned at 5-µm thickness and finally stained with hematoxylin and eosin for routine histological examination performed with a microscope (BH22; Olympus Corporation, Tokyo, Japan). The other section was frozen in liquid nitrogen and stored at -80˚C for measurement of MPO activity.
Assessment of colonic damage. During the experimental period, animals were observed daily. Each day, the DAI scores were calculated by scoring body weight loss, trait of stool and hematochezia according to the classic scoring system by Cooper et al (13) . For occult blood testing, a Hemoccult Sensa (REF 64151; Beckman Coulter, Brea, CA, USA) was used. In addition, a combination of micro-and macroscopic score, applied in order to estimate the degree of colitis, were determined by an observer who was blinded to the grouping according to previously established criteria (14) . Each specimen was opened longitudinally and examined for immediate macroscopic scoring of injuries according the following criteria: 0, normal appearance; 1, focal hyperemia, no ulcers; 2, ulceration with inflammation at 1 site; 3, two or more sites of ulceration and inflammation; 4, major sites of damage extending>1 cm along length of colon; 5-10, when an area of damage extended >2 cm along the length of the colon, the score was increased by 1 for each additional cm of involvement. Colon sections were embedded in paraffin and cut into sections 5-µm thick, then stained with hematoxylin and eosin for routine histological examination. Colonic mucosal damage in the histology specimens was assessed using previously established histological scoring criteria (14) . The MPO activity was measured using a modified previous method (15) as follows: Pre-weighed colonic tissues (0.1 g) were cut into pieces and homogenized with an Ultra Turrax (T18 Basic; IKA, Staufen, Germany) in 0.5 ml ice-cold 50 mM phosphate-buffered saline (PBS; pH 6.0) containing 0.5% hexadecyltrimethylammonium bromide (Sigma-Aldrich; Merck Millipore) at 4˚C. The homogenized samples were freeze-thawed and sonicated three times for 20 sec each, followed by centrifugation at 3,000 x g for 20 min at 4˚C. Subsequently, 20 µl resulting supernatant was mixed with 180 µl 50 mM PBS containing 0.167 g/l O-dianisidine hydrochloride (Sigma-Aldrich; Merck Millipore) and 0.005 g/l H 2 O 2 . The absorbance of the mixture was measured at 460 nm on a spectrophotometer (RT2100C; Rayto, Shenzhen, China) within 2 min. MPO activity was expressed as units/mg wet tissue.
Urine sample preparation and UFLC-IT-qTOF-MS analysis.
For UFLC/MS analysis, urine samples were prepared following a method described in a previous study by our group (10) . In brief, each fresh urine sample was centrifuged at 1,400 x g and the supernatant was collected and stored at 20˚C until use. Urine samples (200 µl) were mixed with 1.2 ml organic solvent mixture [acetonitrile-methanol (3:1), spiked with 20 µg of internal standard D,L-4-chlorophenylalanine] and centrifuged at 18,000 x g at 4˚C for 10 min for de-proteinization. The supernatant was dried under a flow of nitrogen to remove organic solvents and was then lyophilized. The residue was stored at -4˚C and reconstituted in 500 µl methanol prior to analysis. Chromatographic separations of urine were performed on a Shim-pack XR-ODS III chromatographic column (2.2 µm, 2.0x150 mm; Shimadzu Corporation) using a Prominence UFLCXR system (Shimadzu Corporation). The column was maintained at 40˚C and eluted with a linear gradient of 5-90% B, where A=water with 0.1% formic acid and B=acetonitrile. The gradient program was as follows: 0-1 min, 5% B; 1-15 min, 5-50% B; 15-18 min, 50-90% B; 18-20 min, 90% B; 20.5-24 min, 5% B; flow rate, 300 µl/min. The injection volume was 5 µl. The column eluent was analyzed by QTOF mass spectrometry using positive and negative ion electro spray ionization (ESI). The column eluent was directed to the mass spectrometer without split. All MS and MS n mass spectra were acquired on an LCMS-IT-TOF mass spectrometer (Shimadzu Corporation) operating in either positive or negative ESI mode. The desolvation gas was set to 10 l/min at a temperature of 200˚C. The cone gas was set to 1.5 l/min and the source temperature was set to 200˚C. The voltage of the ESI source and detector were +4.5, -3.5 and 1.60 kV, respectively. All data were collected in the full scan mode (100-1,000 m/z). The dwell time for each scan was set to 50 msec.
Data processing and multivariate data analysis. The LC-IT-QTOF-MS raw data were pre-processed using Profiling solution software ver. 3.6 (Shimadzu Corporation). The resulting multi-dimensional data, comprising peak number [retention time (RT)-m/z pair], sample name (observation) and ion intensity (variable) were acquired as multivariate data matrices and exported into SIMCA-P ver. 10.0 (Umetrics AB, Umea, Sweden) for multivariate data analysis. The ion intensities for each peak detected were then normalized, within each sample, to the sum of the peak intensities in that sample. The relative intensities of targeted metabolites were then normalized to that of the spiked internal standard D,L-4-chlorophenylalanine. Pareto-scaling and supervised partial least squares-discriminate analyses (PLS-DA) were selected for data mining and pattern recognition after optimization.
Statistical analysis. Values are expressed as the mean ± standard deviation and analyzed with SPSS software version 17.0 (SPSS, Inc., Chicago, IL, USA). The groups were compared by one-way analysis of variance followed by the Dunnett's test and statements of statistical significance were based on P<0.05.
Results
Pathological characteristics of PO-treated rats. As shown in Fig. 1A , the TNBS group had a significantly higher (P<0.05) colonic damage score and DAI for CD (16) than the control group. These markedly decreased following PO treatment, particularly at the dose of 270 mg/kg. In addition, the representative images show that rats in the control group displayed healthy colons without ulceration, while obvious tissue necrosis was found in the colon of TNBS-treated rats ( Fig. 1B) . Of note, PO attenuated the symptoms of ulceration. Moreover, as indicated in Fig. 2A , the PO group showed significantly lower histological scores and MPO activity, an index of neutrophil accumulation in the tissue with correlates with severity (17), when compared with the TNBS-treated group. Furthermore, the control group maintained an intact architecture of the colon (Fig. 2B) , whereas TNBS-treated rats revealed significant necrosis of the mucosa and submucosa and dense inflammatory-cell infiltration in the submucosa and muscularis mucosae. However, PO treatment attenuated inflammatory-cell infiltration. These results confirmed that TNBS induced serious colitis in rats, while rectal application of PO significantly attenuated the symptoms of colitis.
Targeted metabolite analysis of urine from rats by LC-IT-QTOF-MS. The differences in base peak intensity chromatographs of urine samples from the control, TNBS and PO-treated groups were displayed in ESI positive ( Fig. 3A -C) and negative mode ( Fig. 4A-C) . In order to clearly differentiate between groups, PLS-DA was used to investigate the fluctuation of metabolites. As shown in Fig. 5A -D, urine samples from the TNBS group were distinctly separated from the control and PO groups in the ESI positive as well as negative mode.
Identification of the targeted metabolites in urine.
A previous study by our group has identified five endogenous metabolites that are potential metabolic markers of TNBS-induced IBD in rats (10) . Therefore, in the present study, the data of the targeted metabolites we extracted from the urine data matrix and the variable importance in the projection (VIP) was calculated following PLS-DA processing. Then Student's t-test was used to select potential metabolites worthy of preferential study. P<0.05 was considered to indicate statistical significance which was assessed using SPSS 17.0. Identification of the five endogenous metabolites was performed based on the retention time, accurate mass by MS and MS/MS, as well as Table I . A total of four metabolites [U1, phenylacetylglycine; U2, 4,6-cihydroxyquinoline; U3, p-cresol glucuronide; U4, 4-(2-aminophenyl)-2,4-dioxobutanoic acid] were identified in urine samples from the different groups in positive ESI and/or negative ESI modes (VIP value >1). Metabolites U1 and U3 are associated with the homeostasis of intestinal microbiota, while U2 and U4 are tryptophan metabolites (10) . As shown in Fig. 6 , the levels of U1-U4 were significantly higher in the TNBS-treated rats than in the control rats. By contrast, PO-treatment significantly reversed the increases in the levels of metabolites U1-U4 that occurred in TNBS mice. Levels of metabolite U4 in the PO-treated group was significantly decreased to levels below the limit of detection. 
Discussion
The etiology of IBD involves a complex interaction between the genetic, environmental or microbial factors and the immune responses, which eventually result in recurrent diarrhea, rectal inflammatory lesions and bleeding (18) . PO, the essential oil of Pogostemon cablin, possesses anti-inflammatory, immunomodulatory and anti-microbial activities, indicating a potential for the symptomatic ease of IBD. The present study demonstrated for the first time that rectal administration of PO downregulates the macroscopic and histological colonic damage scores, DAI and colonic MPO activities of rats with TNBS-induced colitis. Furthermore, a targeted metabolic analysis of urine samples based on a high-throughput UFLC-IT-QTOF-MS approach showed that PO decreased the levels of four differential metabolites (two gut microbial metabolites and two tryptophan metabolites), which were markedly increased following treatment with TNBS.
As mentioned previously, one of the major pathological factors of IBD is the commensal bacterial flora (19) . The microbial dysbiosis may interplay with the damage of the intestinal barrier and the disturbance of the mucosal immune system, inducing destructive inflammatory immune responses, considered to be the basis of IBD pathogenesis (20) . The present study demonstrated that the levels of two gut microbial metabolites, phenylacetylglycine and p-cresol glucuronide, were upregulated in the urine of TNBS rats. Phenylacetylglycine is a gut microbial co-metabolite (21), generated by conjugation of glycine with phenylacetate, via the phase-II detoxification mechanism in the liver or the gut mucosa (22) . P-cresol glucuronide is a glucuronide derivative of p-cresol, a metabolic product of Clostridium difficile in the large intestine (23) . Consistent with previous studies, the observed increases in the output of those 2 metabolites indicated dysbiosis of the intestinal microbiota (24) . However, this change was significantly attenuated by PO. As PO has marked anti-bacterial activity (7) , it may be deduced that PO possibly ameliorated TNBS-induced colitis via regulating intestinal microorganisms.
In addition, IBD is initiated and perpetuated by a dysregulated immune response to antigens (25) . The present study identified two tryptophan metabolites that are closely involved in immune regulation and the inflammatory response. Tryptophan has a pivotal role in immunosuppression in inflammatory diseases, immune system regulation, protein synthesis as well as serotonin (5-HT) and melatonin production (26, 27) . The present study further identified 2 metabolites associated with the homeostasis of intestinal microbiota [4-(2-aminophenyl)-2,4-dioxobutanoic acid and 4,6-cihydroxyquinoline] in urine. The former is the intermediate product in metabolism of kynurenine, which regulates the immune response (28) . The latter is an intermediate metabolite of 5-hydroxytryptophan, a precursor of 5-HT, which activates immune cells to produce pro-inflammatory mediators (29) . Hence, the increased urine levels of these two metabolites suggest accelerated tryptophan-kynurenine and tryptophan-5-HT metabolism. The enhanced tryptophan and 5-HT metabolism may be associated with immune dysfunction in IBD (30) .
In conclusion, the results of the present study demonstrated that treatment with 270 mg/kg via rectal instillation significantly ameliorated TNBS-induced rat colitis and significantly reversed the metabolic changes of four metabolites in the urine of the TNBS rats, which were two tryptophan metabolites [4-(2-aminophenyl)-2,4-dioxobutanoic acid and 4,6-cihydroxyquinoline] and two gut microbial metabolites (phenylacetylglycine and p-cresol glucuronide). These metabolic changes may be associated with TNBS-induced colitis in rats.
